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Suspended Lipid Bilayer for Optical and Electrical Measurements of
Single Ion Channel Proteins
Suneth P. Rajapaksha, Xuefei Wang, and H. Peter Lu*
Department of Chemistry and Center for Photochemical Sciences, Bowling Green State University, Bowling Green, Ohio 43403,
United States
ABSTRACT: Making and holding an artiﬁcial lipid bilayer horizontally in
an aqueous solution within the microscopic working distance of ∼100 μm
are essential for simultaneous single molecule imaging and single ionchannel electrical current recording. However, preparation of such a lipid
bilayer without a solid support is technically challenging. In a typical
supported lipid bilayer, the asymmetric local environments and the strong
perturbation of the underneath solid or dense surface can diverge the normal
behavior of membrane proteins and lipids. On the other hand, the
suspended lipid bilayers can provide a native local environment for the
membrane proteins and lipids by having ﬂuids on both sides. In this
technical report, we present a simple and novel methodology for making a
suspended lipid bilayer that can be used for recording the single-molecule
diﬀusion and single ion-channel electrical measurements of ion-channel
proteins. Our approach has a higher validity for studying the molecular diﬀusions and conformational ﬂuctuations of membrane
proteins without having perturbations from supporting layers. We demonstrate the feasibility of such an approach on
simultaneous single-molecule ﬂuorescence imaging and electric current measurements of ion channel proteins.

M

channels optically and electrically.17−19 Further, there are
signiﬁcant advancements in correlating ﬂuorescence imaging
with whole cell ion-channel electrical current measurement.9−12
Although not mentioned in this brief report, many advancements
in combining ﬂuorescence imaging and electric recording can be
found in recent literature.
Nevertheless, one of the technical bottlenecks to achieve a
combined electrical current recording and ﬂuorescence microscopic imaging of ion-channel proteins is to develop a suspended
lipid bilayer within the microscopic imaging distance, which has
not been demonstrated previously to the best of our knowledge.
Most attempts made earlier to combine ﬂuorescence imaging
and ion channel current recording were performed on supported
lipid bilayers.6,20 The supported bilayers provide complex
experimental environments, such as (1) the solid/gel support
does not provide the necessary free solution phase for
positioning an electrode and (2) they may perturb the behaviors
of membrane proteins,21,22 impacting the diﬀusion dynamics and
conformational dynamics. There were demonstrations using a
patch-clamp glass-pipet aperture to hold a small size lipid bilayer;
however, it can complicate the ﬂuorescence imaging by high
light-scattering background from the glass wall.4,5,7,13,14 These
technical barriers more than often make the analysis of ion
channel dynamics complex in terms of identifying the artifact of
sample handling versus the intrinsic protein dynamics.

embrane proteins are proven to be vital in many cellular
processes, including cell polarity, membrane transportation, and cell signaling.1−3 However, their dynamic
properties have not been studied as extensively as water-soluble
proteins due to the complexity of membrane sample preparation
and characterization. Two experimental approaches are widely
used to study the dynamics of the membrane proteins, especially
ion channels, at the single-molecular level: single-molecule
ﬂuorescence imaging and single ion-channel electrical current
recording. Both methods are sensitive to intrinsic molecular
conformational changes relative to local environment ﬂuctuations in real time and describe the ion channels in
complementary perspectives, such as the channel activity
dynamics, protein diﬀusion dynamics, and protein conformational dynamics.
Combining single-molecule ﬂuorescence spectroscopy with
conventional but powerful single ion-channel electrical current
measurements has been continuously reported since 1999.4−15
For example, Yanagida and co-workers reported single-channel
ﬂuorescence images acquired from total internal reﬂection
ﬂuorescence microscopy (TIRFM) correlated with singlechannel current measurement for Cy3-labeled alametithin
molecules.6 Lu and co-workers demonstrated simultaneous
patch-clamp electrical current measurement correlated with
single-molecule FRET imaging and single-molecule ultrafast
spectroscopy.4,5,7,13,14 Woolley and Schutz demonstrated a
simultaneous optical and electrical recording of single gramicidin
channels in a lipid bilayer on a micropinhole.16 Wallace et al.
developed planar lipid bilayers between an aqueous droplet and a
hydrogel support immersed in a lipid−oil solution to probe ion
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Conversely, the artiﬁcial lipid bilayer experiment can be
conducted resembling the real biological cell membrane by using
the suspended lipid bilayers in the solution, and if the bilayer is
large enough, it avoids laser light scattering when the bilayer is
illuminated with a focused laser light. We have developed an
apparatus to prepare such a lipid bilayer assembly to facilitate the
combined single molecule ﬂuorescence imaging and single ionchannel electrical current recording. We have used ﬂuoresceintagged colicin Ia,23−29 a voltage-gated single-subunit ion-channel
protein, as a model system to demonstrate the simultaneous
single-molecule ﬂuorescence imaging and single ion-channel
current recording on the suspended lipid bilayers. Colicin Ia is
one of the non-neuronic ion channel proteins being produced by
certain strains of Escherichia coli to kill the other sensitive strains
of E. coli lacking the speciﬁc immunity protein.23 Colicin Ia
consists three domains: amino terminal T-domain, central Rdomain, and carboxy terminal C-domain. The C-domain
contains ten α-helices which are responsible for forming ion
channels across the biological membrane.24−26 Some helices of
the C-domain move across the lipid bilayer to the trans side at the
presence of a voltage gradient forming a channel across the
membrane.
In this report, we discuss the development of a suspended lipid
bilayer to combine the single molecule imaging and single ionchannel electric current recording, which are demonstrated here
by using colicin Ia ion channel.

Figure 1. The bilayer apparatus with (a) a 24 × 60 mm cover glass, (b)
double-sided tape, (c) a plastic transparent sheet with three holes, and
(d) three small PVC tubes.

Figure 1c. Then the plastic ﬁlm was pasted on the cover glass with
the help of the double-sided tape, ensuring that all the three holes
were inside the removed rectangular space of the double-sided
tape. The PVC tubes, each ∼0.5 cm in height, were pasted on the
holes of the plastic ﬁlm to create three compartments.
Lipid Bilayer Preparation. The bilayer was prepared by
painting 10−20 mg/mL of 1,2-diphytanoyl-sn-glycero-3-phosphocholine, DPhPC in n-decane solution across the aperture of
the central chamber. The lipid bilayer formed across the aperture
of the central chamber is shown in Figure 2A, and the procedure
for making the lipid bilayer is listed: (1) the electrolyte solution
(1 M KCl, 5 mM CaCl2, 1 mM EDTA, 20 mM HEPES buﬀer, pH
= 8.0)31 was ﬁlled in all three chambers, and the space between
the cover glass and the plastic ﬁlm of the apparatus which is
conﬁned by the double-sided tape. (2) The lipid solution was
painted on the central hole by using a heat-ﬂattened capillary
tube (diameter 0.69 mm, Drummond Scientiﬁc Company,
Broomall, PA). The membrane formed across the aperture
spontaneously thinned into bilayer conﬁguration due to the
plateau Gibbs boarder and London−van der Waals forces.32,33
Further, the plateau Gibbs border helps the lipid bilayer to stay in
an unstretched condition without changing the membrane
tension signiﬁcantly under a certain hydrostatic pressure
gradient.34 It was microscopically identiﬁed that the lipid bilayer
is always formed close to the lower edge of the transparent sheet
by having same focal distance ( f 0) for the lower surface of the
transparent sheet and the lipid bilayer as shown in Figure 2B. The
lipid bilayer was identiﬁed by (i) the speciﬁc capacitance value
that is in agreement with the typical lipid bilayer capacitance of
0.8−1.0 μF/cm2 and (ii) the microscopic observation of the lipid
bilayer thinning process.
Single Ion-Channel Fluorescence Imaging and Electric
Current Measurements. The experimental setup is illustrated
in Figure 2C. The bilayer was illuminated with a 488 nm laser
beam (Argon ion laser, Melles Griot, Carlsbad, CA) at a mean
intensity of ∼0.30 kW/cm2 in a wide-ﬁeld epiﬂuorescence mode.
The incident laser beam was directed to the objective through an
aperture and reﬂected by a dichroic mirror (Z488RDC, DM in
Figure 2D, Chroma Technology Corp., Montpelier, VT). The
ﬂuorescence signals were collected with an inverted microscope
(Axiovert 200M, Zeiss) equipped with a 60× objective (OBJ)

■

MATERIALS AND METHODS
1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) was
purchased from Avanti Polar Lipids Inc. (Alabaster, Alabama).
KCl, NaOH, HCl, and HEPES (Aldrich) were used as received.
The colicin Ia used in our experiments was puriﬁed, mutated,
ﬂuorescein-labeled, and biotinylated30 by Prof. A. Finkelstein’s
group in Albert Einstein College of Medicine, NY, and only has
the C-domain (the term “colicin Ia” in the materials and methods
and the results and discussion sections refers to the C-domain of
colicin Ia). The ﬂuorescein and the biotin were labeled on the
protein at the 511 amino acid position and at the 594 amino acid
position, respectively.
The Bilayer Apparatus. The components of the apparatus
that were used to prepare the suspended artiﬁcial lipid bilayer are
shown in Figure 1. Namely, (a) 24 × 60 mm cover glass
(GoldSeal, EMS, Hatﬁeld, PA). (b) Double-sided tape that is
smaller than the size of the cover glass (Scotch brand tapes, 3M,
MN). (c) Plastic transparent sheet with three holes where the
central hole was created on a micrometer scale. We have
investigated both Teﬂon ﬁlms and plastic transparent sheets for
preparing the lipid bilayers and did not identify any signiﬁcant
advantage of Teﬂon ﬁlms over transparent sheets. Hence, we
used transparent sheets due to handling simplicity. (d) Three
pieces of 1/4” PVC tubes (VWR LabShop, Batavia, IL). The
cover glass was ﬁrst washed with hexane, then dipped in acetone
to sonicate for about 10−20 min before being rinsed with tap
water for several times and ﬁnally with the deionized water. The
rectangular piece of the tape was removed to make a conﬁned
space between the cover glass and plastic transparent sheet,
connecting the three compartments of the ﬁnal apparatus
(Figure 1b). The plastic transparent ﬁlm (smaller than the size of
the cover glass, approximate sizes are indicated in the Figure 1)
was pierced at the center with a sharp needle, and then the
extrusions on the opposite side were shaved with a sharp blade to
have a smooth, circular hole with a diameter of 50−200 μm. Two
other apertures were made as displayed in triangular shapes in
8952
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Figure 2. (A) An image of the suspended lipid bilayer. (B) The location of the suspended lipid bilayer in the transparent sheet. The lipid bilayer and the
lower surface of the transparent sheet have the same focal length (f 0), and the upper surface of the transparent sheet has a higher focal length ( f1). (C)
Schematic of simultaneous single ion-channel optical and electric current recording system. A, aperture; DM, dichroic mirror; F, ﬁlter; M, reﬂection
mirror; OBJ, objective; BA, bilayer apparatus; and E1 and E2, electrodes.

(N.A. = 1.20). The collected photons from the sample were
ﬁltered with a HQ505LP ﬁlter (F in Figure 2D, Chroma
Technology Corp.) and recorded with a liquid-nitrogen-cooled
CCD camera (Princeton Instrument, Trenton, NJ). The single
molecule images were collected with 50 ms exposure time and 50
ms delay time.
All the single ion-channel electric current measurements were
conducted using EPC7 plus patch clamp ampliﬁer (HEKA
Electronik Dr. Schulze GmbH) and ﬁltered at 1 kHz. The data
were recorded using LIH1600 acquisition interface and PULSE
V8.80. The presence of a single-ion channel on the lipid bilayer
was conﬁrmed by the typical single channel open−close
activity.35,36

■

RESULTS AND DISCUSSION

We have recorded diﬀusion trajectories and single-ion-channel
current trajectories of ﬂuorescein-labeled colicin Ia (Figure 3) by
adding ﬁve microliters of low concentration (∼1 × 10−9 M)
protein solution to the cis side of the suspended membrane and
allowing it to insert in the membrane. Some of the recorded
optical and electrical current trajectories are shown in Figure 3 to
demonstrate the capability of our suspended lipid bilayer for
hosting membrane ion channel proteins. Figure 3A shows twodimensional diﬀusion trajectories of colicin Ia on the suspended
lipid bilayer over a 5 s time period. Figure 3B shows two
trajectories of single ion-channel electric current open−close
ﬂuctuation recorded under the same sample condition. These
measurements conﬁrm the stability of our lipid bilayer for a
considerably long time for recording long diﬀusion and ionchannel electric current trajectories.
Figure 4A shows a 2D diﬀusion trajectory colicin Ia for a 4 s
time period. Each position coordinate in the trajectory is
determined from an imaging frame with a 50 ms exposure time
and a 50 ms delay time. The mean square displacement (MSD)
of the two-dimensional diﬀusion is calculated by using eq 1.37−41

Figure 3. Diﬀusion and single ion channel current trajectories of colicin
Ia on the suspended lipid bilayer. (A) Two dimensional diﬀusions of
colicin Ia on the lipid bilayer. Each trajectory is 5s long and recorded
with 50 ms exposure time and 50 ms delay time. (B) 20 s Long singleion-channel conductance trajectories of colicin Ia at a 70 mV
transmembrane voltage.

Where, x(t) and y(t) are x and y coordinates of the ﬂuoresceinlabeled colicin Ia at time t. x(t+Δt) and y(t+Δt) denotes the
coordinates of colicin Ia after Δt time. Figure 4B shows the MSD
as a function of time lag and that indicates the directed motion of
the colicin Ia in the suspended lipid bilayer.39,42,43 The directed
motion is a combination of the molecular diﬀusion and the drift
on a certain direction. The analytical form of the directed motion
is given by eq 2.41−43

MSD = ⟨r(2Δt )⟩ = ⟨(x(t +Δt ) − x(t ))2 + (y(t +Δt ) − y(t ))2 ⟩

⟨r 2⟩ = 4Dt + V 2t 2

(1)
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Figure 4. (A) 2D diﬀusion trajectory of colicin Ia on the artiﬁcial suspended lipid bilayer recorded over 4s. The inset shows the single-molecule image of
the ﬂuorescein-tagged colicin Ia on the horizontal lipid bilayer. (B) MSD of the trajectory shown in Figure 4A as a function of time lag. Diﬀusion
coeﬃcient and velocity of the trajectory are calculated by ﬁtting with eq 2 to be 9.77 × 10−9 cm2/s and 4.17 × 10−4 cm/s, respectively. (C) The 2D
diﬀusion of colicin Ia on the suspended lipid bilayer over 2.7 s, which is recorded simultaneously with the conductance trajectory shown in Figure 4E.
(D) MSD from the trajectory shown in Figure 4C as a function of time lag, with D and V for the motion as 11.65 × 10−9 cm2/s and 1.73 × 10−4 cm/s,
respectively. (E) A single-ion-channel conductance trajectory recorded at 70 mV.

Where D is the diﬀusion coeﬃcient, V is the velocity of the
motion, and t is the time lag. D and V for the diﬀusion of colicin Ia
on the horizontal unsupported lipid bilayer are calculated as 3.93
± 1.81 × 10−9 cm2/s and 1.02 ± 0.48 × 10−4 cm/s, respectively,
as averaged results from calculations of 14 ﬂuorescence imaging
trajectories. The drifting velocity is ∼1 nm/ms. For a 50 ms
imaging recording time, the average drifting distance is
comparable to the optical diﬀraction limit spatial resolution of
∼250 nm diameter. The drift diﬀusive motions are most likely
due to the lipid bilayer dynamics under the support free and
buﬀer solution local environment. Undoubtedly, the motion of
the protein has a strong correlation with the surrounding lipids
and their hydrated radii, which ultimately decide the averaged
positioning coordinates of the protein in the lipid bilayer. Our
measured diﬀusion coeﬃcient of colicin Ia is consistent with the
published similar protein diﬀusion coeﬃcients in the lipid
bilayers.44−46 It is well-demonstrated in the literature that the
diﬀusion coeﬃcient has a strong correlation with the size of the
proteins.47 Furthermore, the magnitude of the coeﬃcient can be
dependent on the number of α-helices that are inserted in the
lipid membrane. For example, bacteriorhodopsin with seven
transmembrane helices diﬀuses at 8 × 10−10 cm2/s in the
membrane, about 3.8 times slower than the single helix L18
peptide (3.1 × 10−9 cm2/s).47 Similarly, colicin Ia, nevertheless
showing essentially consistent diﬀusion coeﬃcients compared to
that of the other proteins reported in the literature,10,47−49 can
have diﬀerent diﬀusion coeﬃcients, depending on the number of
transmembrane helices inserted in the lipid membrane. The
single-ion-channel conductance for colicin Ia is calculated by
using the population distribution of the conductance as 70 ± 5 pS
in the suspended lipid bilayer at a 70 mV transmembrane voltage.
The primary advantage of the suspended lipid bilayer is its
capability of recording simultaneous single-molecule ﬂuorescence images and single ion-channel current ﬂuctuations, besides
the intrinsic advantage of holding the lipid bilayer in an
unperturbed solution local environment, more closely resembling the cell membrane than the traditional lipid bilayer with a
solid surface support does. Figure 4 (panels C and E) shows a
typical simultaneously recorded optical and ion-channel current
measurements of colicin Ia in the suspended lipid bilayer. The
single-ion-channel electric current trajectory is shown in Figure
4E and the single ion-channel conductance is calculated as 88 pS

at a 70 mV cross-membrane voltage. Our measured values of the
single-ion-channel conductance of colicin Ia are in agreement
with the reported values (60−120 pS), conﬁrming the normal
channel structure of colicin Ia in the suspended lipid bilayer.23
It is interesting to observe that the diﬀusions of colicin Ia
suspended the lipid bilayer as a directed motion in each
trajectory. Though this type of nonlinear relationships of MSD
with time is common in biological systems, it is diﬃcult to
identify the exact reason for the drifting in the systems like
artiﬁcial lipid bilayers. Most probably, the motion of colicin Ia is
associated with the motion of the entire lipid bilayer where the
bilayer is acting as a dynamic ﬂuid. When the ﬂuid is moving to a
certain direction due to its hydrodynamic nature, the protein is
also moving in the same direction as that of lipids, while showing
the Brownian type motion. However, further understanding is
necessary for comprehensively describing the motion of colicin
Ia on the artiﬁcial suspended lipid bilayers.

■

CONCLUSION
We have developed and demonstrated a suspended lipid bilayer
for studying protein diﬀusion in lipid bilayers and for
simultaneous recording of optical imaging and the electrical
current recording of membrane ion-channel proteins, enabling
studies of ion-channel proteins in an unperturbed lipid
environment. We used the ﬂuorescein-tagged colicin Ia as the
membrane ion-channel protein to demonstrate the capability of
the lipid bilayer for simultaneous measurements. Most
importantly, this lipid bilayer provides a close native and
unperturbed local environment to the membrane lipids and
membrane proteins than other types of artiﬁcially formed lipid
bilayers for microscopic imaging experiments. Our new approach
provides a new platform to perform simultaneous optical imaging
and single ion-channel electrical recording of membrane ionchannel proteins.
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